Mutations in
As assayed by marker loss, RAD52-dependent recombination in rDNA is elevated 10.8-fold in rrm3 cells (Keil having a role in DNA replication (see above), only Fob1p, which is required for arrest at the RFB, has been shown and McWilliams, 1993). Yeast rDNA consists of a tandem array of ‫051ف‬ repeats such that pop out recombination to affect rDNA replication in vivo (Kobayashi and Horiuchi, 1996) . The Fob1p sequence provides no clues as can liberate rDNA circles ( Figure 2A ) (Kim and Wang, 1989) . To determine if Pif1p and Rrm3p had opposing to its biochemical function, and its mechanistic role in rDNA replication is unknown.
effects on rDNA recombination, we measured the fraction of rDNA in circles in log phase cells. DNA from Here, we show that Rrm3p is important for replication fork progression throughout the rDNA and especially for mutant and wild-type cells was separated in neutralneutral two-dimensional (2D) gels using conditions in separating forks converged at the RFB, suggesting that it is a replicative helicase for the rDNA. In contrast, Pif1p which all circles, nicked, covalently closed, multimers, and concatamers, are separated from linear DNA (Zakis important for maintaining the RFB. Using chromatin immunoprecipitation, we show that Rrm3p and Pif1p ian and Kupfer, 1982). Compared to wild-type cells, the fraction of rDNA in circles was nine times higher in rrm3, interacted with rDNA chromatin in vivo, indicating that their effects on rDNA replication were likely to be direct.
3-fold lower in pif1, and 6. Figure 3A) . Genomic DNA was also analyzed by 2D chloroquine gels ( Figure 3B ) where linear and nicked circles run on the diagonal and negatively supercoiled circles form arcs that run below the diagonal of linear molecules (Peck and Wang, 1983). These gels confirmed that circles were abundant in rrm3 DNA ( Figure 3B , left) and absent in rad52 rrm3 DNA (Figure 3B, right) . In addition, rrm3 and rrm3 rad52 DNA contained three species that migrated on the diagonal of linear DNA but had a smaller mass than that of most of the genomic rDNA ( Figure 3B , marked with asterisks). As these subgenomic rDNA fragments were present in DNA from rrm3 rad52 cells, they were not broken circles. Subgenomic rDNA fragments were also detected in rrm3 ( Figure 2B , marked by asterisks) and rrm3 pif1 (data not shown) DNA but not in wild-type or pif1 DNA ( Figure 2B Figure 1A ). In the 4.6 kb BglII-B fragment, the RFB is near the middle of the fragment, the ARS is near the right end of the fragment, and the 5S gene is between the RFB and the ARS ( Figure 4A ). The pattern of replication intermediates for any rDNA fragment containing the ARS is a composite of intermediates generated from repeats with an active origin and those without an active origin intermediates ( Figure 4A , wt 2D gel schematic, labeled RFB). For repeats with an active origin, the remaining half of the BglII-B fragment is replicated by a fork conof chromosomal rDNA repeats was higher in pif1 and verging on the fork stalled at the RFB. Converging replilower in rrm3 cells ( Table 1 ), suggesting that circles cation forks generate intermediates that emanate from are generated by reciprocal recombination (Figure 2A) . the RFB and terminate with a mass of close to 2N and Thus, Rrm3p and Pif1p had opposing effects on accua highly reduced mobility due to their X-like shape (Figmulation number of active origins or the half-life of either intermeAs rrm3 cells had many more rDNA circles than wilddiate. To estimate the frequency of initiation, we anatype cells (Figure 2C) , changes in the pattern of rDNA lyzed StuI-digested DNA, which generates a 5.0 kb rDNA replication intermediates seen in rrm3 DNA might be fragment ( Figure 1A ) in which the ARS is 2.0 kb from due to differences in the replication behavior of circles the left end of the fragment ( Figure 6A ). This fragment versus chromosomal rDNA repeats. To address this posalso contains the RFB, which is 0.5 kb from the left end sibility, we prepared DNA from rad52 and rrm3 rad52 of the fragment, the 5S gene, whose promoter is 1.4 kb cells, which lacked rDNA circles (Figure 3) . The pattern from the left end, and the promoter for the 35S transcripof replication intermediates in rad52 DNA was similar tion unit, which is 2.7 kb from the left end of the fragment to that from wild-type cells (compare rad52 in Figure 4C ( Figure 6A ). As with the BglII-B fragment, the pattern with wt in Figure 4B ). Likewise, the altered pattern of of replication intermediates for this StuI fragment is a replication intermediates seen in rrm3 rDNA was also composite of intermediates derived from those repeats found in rrm3 rad52 rDNA ( Figure 4C, right panel) . Therein which replication initiated within the repeat (Figure fore, these changes in rDNA replication must have occurred on chromosomal DNA.
6A, active origin schematic) and those repeats in which site. Thus, molecules arrested at the RFB will generate a spot on the arc of simple forked replication intermediates at the position of molecules that are 90% replicated (labeled RFB, Figure 6A ; wt 2D gel schematic). The converging replication forks will emanate from the RFB and terminate at a position that is slightly to the left and above the RFB, owing to their slightly greater mass and X-like structure (labeled X, Figure 6A ; wt 2D gel schematic). Replication intermediates from those forks that move passively left to right through the rDNA repeat will form an arc of simple Y-shaped intermediates ( Figure  6A , intermediates in black in 2D gel schematics). The StuI digests revealed that initiation occurred at comparable frequency in mutant and wild-type cells (1.00, wt; 1.01, rrm3; 0.92, pif1; Table 1 ). Consistent with the results from the BglII-B fragment, the fraction of rDNA in converged replication forks was much higher in rrm3 than in wild-type cells and lower in pif1 cells ( Figure 6B , compare intensity of signal in "X" in wt and mutant samples). In XbaI-digested DNA, the pause at c was obscured by halted when it meets the RFB while the movement of the rightward fork continues and soon passes the StuI its proximity to the RFB and the pause at e was not visible, probably because it occurs in nearly fully repliHolliday Junctions Are More Abundant in rrm3 DNA To examine replication in the remainder of the rDNA, cated 2N intermediates. XbaI-digested DNA also provided independent evidence that converged replication we analyzed the BglII-A fragment, which contains the internal two-thirds of the region that encodes the 35S forks were enriched in rrm3 DNA ( Figure 6C ).
Rrm3p Is Needed for Normal Progression of the Rightward-Moving Fork
Stalled replication forks increase DNA breakage in transcript ( Figure 6E ). Because this fragment does not contain the ARS, its replication is accomplished solely bacteria (Seigneur et al., 1998). Analysis by 2D gels demonstrated that in the absence of Rrm3p, replication forks by forks that move left to right through the fragment ( Figure 6D ). Its simple replication pattern facilitates depaused at multiple sites and converged forks were especially long lived (summarized in Figure 1C) . Figure 6F ; digest also contained structures that emanated from both RFB and the converged replication forks but had Table 1) revealed that forked replication intermediates within this half of the rDNA were about equally abundant a smaller mass that were enriched in rrm3 DNA (labeled BR, broken; Figure 6A, rrm3 2D gel schematic) . The BR in mutant and wild-type strains (1.00, wt; 0.92, rrm3; 0.90, pif1). However, Holliday junctions were 2.7-fold structures in the StuI digest had the appropriate mobility to be RFB or converged fork intermediates in which more abundant in rrm3 than in wild-type cells ( Figure  6F ; Table 1 ). Presumptive recombination intermediates breakage occurred within one of the replicated arms (Martin-Parras et al., 1992) .
The StuI tection of Holliday junctions (HJ) (Brewer and Fangman, 1988). Quantitation of BglII-A 2D gel profiles (
were also visibly enriched in StuI-digested rrm3 DNA pif1 cells (Figure 7 ). These data provide additional evidence that Pif1p is needed for efficient arrest at the RFB. We demonstrated that Pif1p and Rrm3p, two members of the Pif1p subfamily of DNA helicases, had opposing The Absence of Pif1p Increases the Fraction of Leftward-Moving Forks in the rDNA effects on replication fork progression in the rDNA as well as on the generation of rDNA circles by recombinaThe fraction of rDNA in both RFB and converged replication forks was decreased 3-fold in the absence of Pif1p, tion (summarized in Figure 1C ). In the absence of Rrm3p, there was a modest increase in the fraction of rDNA in a decrease that cannot be explained by decreased initiation (Table 1) . Because the leftward-moving fork is the RFB and a large increase in the fraction of rDNA in converged replication forks. In addition, there were at halted at the RFB, 7.2 kb of the 9.1 kb rDNA repeat unit is replicated almost exclusively (Ͼ90%) by rightwardleast seven other sites of replication fork pausing in rrm3 cells. As these differences in rDNA replication were also moving forks (Brewer and Fangman, 1988 ., 1992) . After separating HindIIIdigested DNA in the first dimension gel, the DNA was rDNA chromatin in vivo, arguing that its effects on replication are direct. Together, these data suggest that digested in situ with BglII before running the second dimension gel and then analyzed with a hybridization Rrm3p is a replicative helicase, required for timely progression of replication forks throughout the rDNA, and probe that lies to the left of the BglII site. As predicted, in wild-type cells, this region was mostly replicated by that its activity is especially important to resolve forks converged at the RFB. We suggest that Rrm3p has a rightward-moving forks, although leftward-moving forks were detectable. The fraction of DNA in leftward-moving critical role in helping replication forks bypass protein-DNA complexes, as most of the seven novel pauses forks was increased a minimum of 2.5-fold in DNA from would be expected to be distributed throughout the genome, causing a general elevation in chromosome Compared to wild-type cells, rrm3 cells had more and pif1 cells had fewer stalled replication forks (summaloss and recombination (Hartwell and Smith, 1985) . Our data suggest that the sequence similarity that rized in Figure 1C) . Likewise, fragmented rDNA was more abundant in rrm3 than in wild-type or pif1 cells (Figures defines the Pif1p subfamily of proteins reflects their ability to recognize or be recruited to common DNA sub-2 and 3). As breakage was detected in DNA prepared by two different methods, both producing high-quality strates rather than their having similar functions. Perhaps both helicases interact with a structural protein, DNA, as demonstrated by an abundance of covalently closed circles (Figures 2B and 3B) with an average size of 1 kb. Two hundred microliters of soluble (B) Chromatin was prepared from wild-type, rrm3, or pif1⌬ cells that chromatin fraction (out of 4 ml) was incubated with either Rabbit were (X-link, ϩ) or were not (X-link, -) formaldehyde cross-linked in IgG (preimmune IgG), affinity-purified anti-Rrm3p polyclonal antivivo. Immunoprecipitation of chromatin was carried out using probodies, or affinity-purified anti-Pif1p polyclonal antibodies at 4ЊC tein A-purified preimmune IgG (rabbit IgG) or affinity-purified antifor 1.5 hr. Incubation was continued with protein A sepharose beads Rrm3p or anti-Pif1p polyclonal antibodies. The precipitated DNA for 1 hr. After washing and elution, cross-linked DNA as well as from each strain was PCR amplified for 27 cycles with primers that input DNA was purified as described (Hecht et al., 1996) . 1/60 of amplify the ARS, RFB, or 35S regions of the rDNA or for 33 cycles the precipitated DNA or 1/20,000 of the input DNA was amplified with primers that amplify a segment of the ACT1 gene. PCR products (94ЊC for 3 min, 27 cycles of 94ЊC, 55ЊC, and 68ЊC for 30 s, respecwere resolved in a 2.3% agarose gel and visualized with ethidium tively, and 68ЊC for another 5 min). Three pairs of rDNA primers were bromide. To estimate extent binding, PCR products from the wildused. As a control, primers for the ACT1 gene were used at an type strain were 2-fold serially diluted and run on the same gel.
Rrm3p and Pif1p Interact with rDNA In Vivo
annealing temperature of 50ЊC for 33 cycles. The rDNA ARS, RFB, PCR amplification of input DNA is also shown. ACT1 DNA was not 35S, and ACT1 primer pairs amplify, respectively, 193, 343, 407, detectable in immune precipitations after 27 cycles of PCR but and 131 bp fragments. Twenty microliters of the 50 l PCR products were resolved in a 2.3% agarose gel containing 0.2 g/ml ethidium was equally abundant in the preimmune, anti-Rrm3p, and anti-Pif1p bromide. The affinity-purified antibodies against Rrm3p and Pif1p precipitations after 33 cycles of PCR, indicating that neither helicase were prepared by expressing the amino terminal 239 or 238 amino was ACT1 associated. acids of Rrm3p or Pif1p in E. coli, using the GST-fusion protein expression vector pGEX-4T-1 (Pharmacia Biotech) and purified achelicases on rDNA replication might also be conserved.
cording to manufacturers' instructions. The purified fusion proteins were used for raising antiserum in rabbits and for affinity purification.
We note that the altered recombination that accompa- helicases, might, as with the Pif1 subfamily helicases, be a secondary consequence of defects in DNA replication.
